The role of pollinators in the evolution of the African-Malagasy orchid genus Brownleea (Brownleeinae) was investigated. Taxa show specialization for pollination by bees (B. parviflora, B. recurvata), short-proboscid flies (B. galpinii), and long-proboscid flies (B. macroceras, B. coerulea). All species in the genus produce nectar, but some (B. coerulea, B. galpinii) appear to mimic flowers of abundant sympatric species as an additional strategy to attract pollinators. Species investigated in terms of their breeding systems (B. coerulea, B. parviflora, B. macroceras, B. galpinii) are reliant on pollinator visits for seed production. Self-pollination results in strong inbreeding depression during embryo formation. A phylogeny of the genus, constructed using data from the ITS1-5.8S-ITS2 region and morphology, indicates that fly pollination is likely to be basal in the genus, and that there has been a single shift to bee pollination.
INTRODUCTION
To understand the historical context of adaptation, it is essential to obtain data on the function of traits and a phylogeny of the group of interest (Wanntorp, 1983) . The mapping of floral traits and pollination systems onto phylogenies has proven to be a useful method of reconstructing their patterns of evolution (Armbruster, 1993; Johnson, Linder & Steiner, 1998; Dodd, Silvertown & Chase, 1999; Weller & Sakai, 1999; Koopman & Ayers, 2005) . The use of parsimony-or maximum likelihood-based methods to infer ancestral character states is especially appropriate for plant-pollinator relationships, as very little other historical information is available on their origins.
The species diversity of the flora of southern Africa can be attributed largely to multiple evolutionary radiations on the subcontinent. Many of these radiations have occurred in lineages characterized by a diversity of specialized pollination systems (Johnson et al., 1998; Goldblatt & Manning, 2006) . In this study, we selected Brownleea Harv. ex Lindl., a small orchid genus of seven species, with southern Africa as the centre of its distribution, to examine the role of pollinators in lineage diversification.
Traditionally, Brownleea was classified as a member of the tribe Disinae (Linder, 1981; Dressler, 1993) on the basis of the spurred dorsal sepal and the simple lip. However, this placement of Brownleea was questioned, as some, but not all, Brownleea species have stigmas derived solely from the central carpel apex, a highly unusual state found in both Coryciinae and Huttonaea (Linder & Kurzweil, 1994 , 1996 . Because some species of Brownleea possess features of both the Diseae and the Coryciinae, Linder & Kurzweil (1994) suggested that it might be of hybrid origin or be a nonmonophyletic group. However, in a study based on molecular data, a single representative of Brownleea (B. coerulea Harv. ex Lindl.) was placed as sister group to the rest of Diseae (Douzery et al., 1999) . Further investigations using noncoding trnL-trnF chloroplast sequences and two representative Brownleea species (B. macroceras, B. coerulea) supported these findings (Bellstedt, Linder & Harley, 2001) .
Brownleea species show considerable variation in their floral structures ( Fig. 1A-E) . Pollination by long-proboscid flies has been reported for B. macroceras Sond. (Johnson & Steiner, 1995) , B. galpinii ssp. major (Bolus) H. P. Linder (Johnson, Alexandersson & Linder, 2003) , and B. coerulea (Goldblatt & Manning, 2000; Potgieter & Edwards, 2005) . Pollinators of other taxa in the genus are unknown, and the two existing reports of pollinators for B. coerulea are based on single fly specimens, and thus need to be substantiated with further data.
The aims of this study were as follows: (1) to expand our knowledge about pollination systems in the genus; (2) to determine the associations between pollinators and floral traits; and (3) to construct a phylogeny of the genus that could be used to trace the evolutionary pathways of floral traits and pollination systems.
MATERIAL AND METHODS

STUDY SITES
Pollination studies and collection of material for molecular phylogenetic analyses were carried out in South Africa and Madagascar during 2003-06 (Table 1) . The study populations of B. coerulea in South Africa were located at two sites: the Umtamvuna Nature Reserve and Dassiekrantz, Grahamstown. In Madagascar, populations of B. coerulea were found at three sites: the Manjakatompo Forest Reserve, the hill sites of Ambohimanga, and the Angavokely Forest Station. The study population of B. galpinii ssp. galpinii Bolus was found on Mount Gilboa, about 30 km north of Pietermaritzburg, South Africa. Study populations of B. macroceras were located at the Sani Pass summit and at the Witzieshoek peak in South Africa. The populations of B. parviflora Harv. ex Lindl were growing at hill sites near the Sani Pass border station and at Drakensberg Gardens, Underberg District in South Africa. Voucher specimens of plants from these study sites were deposited at the Natal University Herbarium in Pietermaritzburg, South Africa, and at the Herbier du Jardin Botanique, Tananarive, Madagascar.
POLLINATOR OBSERVATIONS
To identify the pollinators of the study species, insects were captured with a hand net, either directly whilst foraging on the orchids or whilst foraging on flowers of other plant species in the same community. Any pollinaria carried by these insects were compared with a reference collection that included pollinaria of the study species. The proboscis of each insect was measured with digital callipers. Bee species were identified by Connal Eardley at the Plant Protection Research Institute, Pretoria, South Africa (PPRI), and the identification of Diptera was performed using the collection of the Museum of Natal, Pietermaritzburg, and related literature (Bezzi, 1924; Barraclough & Londt, 1986) . Vouchers of insects were deposited at the Natal Museum, Pietermaritzburg, South Africa, and at the University of Aarhus, Department of Biological Sciences, Denmark.
The foraging behaviour of insects on the study species was recorded using a portable dictaphone, providing information about flower preference, time spent per flower, time spent per inflorescence, and numbers of flowers probed. The total time spent carrying out pollinator observations was 130 h for B. coerulea (divided equally between South Africa and Madagascar), 4 h for B. galpinii ssp. galpinii, 30 h for B. macroceras, and 70 h for B. parviflora.
MORPHOLOGY AND NECTAR PRODUCTION
Morphological features expected to be important for pollination, such as the inflorescence height, number of flowers per inflorescence, and length of spur, sepals, and galea, were measured for 12-27 plants in each population, using digital callipers where appropriate. The spur length was defined as the distance between the stigma and tip of the spur (Johnson & Steiner, 1997) .
The volume of nectar in the spurs of randomly collected flowers was measured using a 5 mL micropipette. The sugar concentration of this nectar was measured using a pocket refractometer (Bellingham & Stanley; 0-50% sucrose equivalents). Sampling was Pollination success was estimated from the proportions of randomly selected flowers carrying pollen massulae deposited on the stigma and pollinaria removed from the anther, respectively. At Angavokely, massulae deposited on stigmas were counted before sunset and in the morning in order to establish whether there was any pollinator activity during the night.
BREEDING SYSTEMS
To establish the dependence of the study species on pollinator visits for fruit set, breeding system experiments were carried out for B. coerulea (at Umtamvuna), B. parviflora (at Sani Pass), and B. macroceras (at Sani Pass). Inflorescences with developing buds were enclosed in a lightweight mesh bag. Then, two flowers on each of c. 30 inflorescences were either cross-or self-pollinated. Pollinaria used in crosspollinations were taken from a plant at least 5 m away. A minimum of 15 massulae were placed on the stigma (this is similar to the number of massulae found on the stigmas of freshly wilted naturally pollinated flowers with a swollen fruit; M. W. Larsen, unpubl. data). Ten flowers were left unmanipulated to test for autonomous self-pollination. After 3 weeks, fruits were collected and brought to the laboratory, where the proportion of seeds containing embryos was determined using a stereomicroscope with backlighting. Seeds from self-and cross-pollinated treatments were also examined using a scanning electron microscope (Philips XL30 ESEM, 15.0 kV, magnification ¥100-200) to visualize and confirm differences in seed morphology and size.
PHYLOGENETIC ANALYSIS
Molecular data: Silica-dried plant material to be used in the phylogenetic analysis of the genus Brownleea was collected from study sites in South Africa and Madagascar, except for a leaf sample of B. recurvata which was taken from a specimen in Natal University (Appendix 1). Leaf material from B. mulanjiensis Linder and B. maculata Cribb could not be obtained. Total DNA was extracted using a Qiagen plant extraction kit. The manufacturer's protocol was used as a guideline with the following changes: time for breakdown of~0.5 cm 2 dried leaf tissue was changed to 30 min at 60°C, and final elution of the DNA was carried out in 100 mL of solution buffer. Amplification of the ITS1-5.8S-ITS2 region was conducted in a polymerase chain reaction (PCR) reagent volume of 20 mL, containing 2.5 units of Taq polymerase (Ampliqon, Bie & Berntsen A/S) and 1 mL (10 mol mL -1 ) of the two primers BDA and ITS4. BDA is a forward primer annealing in the 18S gene (5′-GTCGTAACA AGGTTTCCGTA-3′), and ITS4 is a reverse primer (5′-TCCTCCGCTTATTGATATGC-3′) annealing to the 26S region of the gene (White, Burns & Taylor, 1990 ). An annealing temperature of 53°C was found to provide enough amplification products. To verify the size of the PCR products, DNA was separated and visualized in an agarose gel. Purification of the isolated PCR products was performed using QIAquick (Qiagen), according to the manufacturer's protocol. The ideal amount of DNA in the mixture for sequencing of the PCR products was found to be 8 mL in a 20 mL volume of reagent. Sequencing conditions were as follows: 26 cycles of 20 s denaturation (95°C), 15 s annealing (50°C), and 1 min elongation (60°C) using a Peltier Thermal Cycler (PTC-200, MJ Research). The sequencing reaction was run on an ABI prism 3100 automated sequencer (Applied Biosystems), and the resulting electropherograms were visualized using Basecaller 3.7 software.
Morphological data:
The 35 morphological characters included in this study were taken from Linder & Kurzweil (1996) , Johnson et al. (2003) , and from our own observations (Appendix 2).
Data analysis Alignment and gap coding:
Complementary strands of the entire ITS region (including ITS1-5.8S-ITS2) from the six taxa of the genus Brownleea (Appendix 1) were each sequenced in a single reaction, providing overlap in the 5.8S region. Proof-reading of each strand was performed manually using the programs 4Peaks (Griekspoor & Groothuis, 2002) and Seqpup (Gilbert, 1995) . Sites in the sequences in which bases could not be determined with reasonable certainty in the given position were left marked with an 'n'. Sequences were aligned by means of the default settings in CLUSTALX (Thompson et al., 1997) , and afterwards adjusted manually using Seqpop (1995) . To address the conservative areas in the ITS region with a higher degree of certainty, and to validate the position of Brownleeinae, mask selection of 406 bases was performed for all species in Appendix 1 for further data analysis. Furthermore, an alignment with all available information, including potentially hidden indel information, was constructed for Disa uniflora, representing Diseae, and for all investigated members of Brownleeinae. The following alignment and mutational interpretation criteria were used (simplified after Oxelman, Líden & Berglund, 1997; Anderson & Rova, 1999) . Indels in both alignments were placed in such a manner as to minimize the number of substitutions in the aligned region. If gaps of equal length occurred in more than one sequence, they were coded with a character state (Swofford & Douglas, 1993) . If only a single base was changed in less than three sequences, these were regarded as independent events and not gap-coded. Indels and substitutions were considered events of equal probabilities and therefore given equal weight. Areas particularly problematic for applying the abovestated criteria for coding, and areas in which coding would change the reliability of the alignment, were left uncoded.
Combined analysis:
The morphological character states of the Brownleea species were included for the sequenced species in a combined molecularmorphological analysis (Appendix 3).
Search strategies: The ITS data matrix (406 characters) and the gap-coded combined molecularmorphological matrix (739 characters) were analysed using the parsimony criterion in the program PAUP version 4.0b10 (Swofford, 2002) . Calana major was assigned as outgroup in the ITS analysis of relationships between the species in Appendix 1 based on Kores et al. (1997) . A strict consensus tree, representing branching events found in all trees retained, was created for discussion; 1000 bootstrap replicates were completed to estimate the branch robustness of the tree. In the combined analysis, Disa uniflora was assigned as outgroup based on available character information for this member of Diseae and the close relationship between Diseae and Brownleeinae. All molecular and manually coded data were assessed as independent, unordered, and equally weighted (Fitch, 1971) . Heuristic search setting, using stepwise addition and the branch-swapping algorithm tree bisection-reconnection (TBR), was used as a standard in the analysis.
Character state optimization A data matrix of floral and descriptive characters was conducted, and the different states were traced using MacClade 3.0 (Maddison & Maddison, 1992) and manually mapped on the phylogenetic tree to enable a discussion of the evolution of characters in the Brownleea genus. In this process, the same optimality criteria as stated above were used. Character states were found using the literature (Linder, 1985 (Linder, , 1995 Johnson et al., 2003) and our own observations. In cases of more than one optimum or optimal reconstruction, both delayed transformation (DELTRAN) and accelerated transformation (ACCTRAN) were applied and included in the discussion.
RESULTS
POLLINATOR OBSERVATIONS
South African populations of B. coerulea appear to be pollinated exclusively by long-proboscid flies belonging to the Tabanidae and Nemestrinidae (Table 2 , Fig. 1F ). Pollinaria of B. coerulea were attached to the ventral base of the proboscis in specimens of Philoliche aethiopica (Tabanidae) (Fig. 1F) , Prosoeca sp. (Nemestrinidae) from Umtamvuna, and Stenobasipteron wiedemanni (Nemestrindae) at Grahamstown. At Umtamvuna, c. 90% of observed visits to the orchid (N = 13) were by P. aethiopica. When visiting the flowers, flies firmly grasped the outermost parts of the lateral sepals and inserted their proboscis into the spur whilst moving their wings rapidly. Philoliche aethiopica also visited the co-occurring Plectranthus ciliatus (Lamiaceae, Fig. 1D ), and pollen from this species was attached to the sternum and dorsal part of the abdomen on 70% (N = 10) of the flies. Flies did not discriminate between the two species, often visiting flowers of both during a single foraging bout. Individuals of S. wiedemanni (Nemestrinidae) were caught whilst visiting flowers of Hypoestes aristata (Acanthaceae), but, although these flies carried pollinaria of B. coerulea (Table 2) , no direct observations of visits by these flies to the orchids were made. No pollinators were observed visiting the flowers of B. coerulea in the Angavokely Forest Reserve during the 3 days of observation. The most abundant insects in this patch were the solitary bees Pachymelus limbatus and Pa. micrelephas (Anthophoridae, Apidae) (Michener, 2000) . Pachymelus limbatus frequently visited the bluish flowers of Plectranthus personii (Lamiaceae) (Hedge, 1998 ) and a small Commelinaceae sp. with matching coloration. The latter bee species only foraged on the flowers of the shrub Dionichia bojeri (Melastomataceae). On three occasions, Pa. limbatus approached the flowers of B. coerulea without settling.
At Sani Pass and Drakensberg Gardens, South Africa, three long-tongued bee species were collected whilst feeding on flowers of B. parviflora (Table 2) . Several individuals of Amegilla spilostoma (Anthophorini; Apidae) carried pollinaria of B. parviflora on the ventral base of their proboscis (Table 2, Fig. 1G ). These bees visited several flowers per inflorescence of B. parviflora and moved between plants.
Two unidentified Nemestrinidae were caught either after visiting the flowers of B. galpinii ssp. galpinii (N = 4) or whilst feeding on nearby flowers of Rabdosiella calycina (Lamiaceae) (N = 2). Pollinaria of B. galpinii ssp. galpinii were attached ventrally halfway up the proboscis on three individuals, and further examination showed traces of viscidia at the same position of two of the remaining flies without intact pollinaria.
NECTAR
All the orchids had small amounts of dilute nectar present in their flower spurs, with the highest sugar concentration in B. parviflora and B. macroceras (33% and 30%, respectively). The nectar volume per individual flower was highest in those taxa with few flowers per inflorescence (Table 3) .
POLLINATION SUCCESS
Rates of pollination in the flowers of B. coerulea did not differ significantly between the Umtamvuna in South Africa and Angavokely in Madagascar (62% and 71% of flowers pollinated, respectively; Table 4 ). Pollen removal rates were also similar at the two sites. However, many more Madagascan flowers had intact pollinaria deposited on the stigma (Table 4) . High rates of pollination were recorded in B. parvi- (Table 6) .
flora, with 79% of flowers having pollinaria removed and 70% having one or more massulae deposited on their stigma (Table 4) .
BREEDING SYSTEMS
Unmanipulated flowers of B. coerulea, B. macroceras, and B. parviflora did not produce fruit, indicating that pollinators are required. Fruit set in selfpollinated flowers was generally lower than that in cross-pollinated flowers (Table 5 ). The proportion of seeds with embryos in fruits arising from crosspollination was significantly larger than that in fruits from self-pollination (Table 5) .
PHYLOGENETIC ANALYSES
ITS analysis: The ITS matrix, comprising all species in Appendix 1, resulted in six trees [length of 948 steps; consistency index (CI), 0.626; retention index (RI), 0.70]. A strict consensus tree with Calana major as outgroup was computed initially (tree not shown). This operation placed Chiloglottis gammata in a basal position, and the first split created one monophyletic clade containing all the Brownleea species (Brownleeinae) and a paraphyletic clade containing the rest of the Diseae and Orchidinae. There was strong evidence (bootstrap, 100%) for the isolation of Brownleeinae from the rest of the included subtribes, but, inside this monophyletic subtribe, there was no clear support for a common ancestor.
Combined analysis:
The combined molecularmorphological matrix of Disinae and Brownleeinae, including gap-coding information, contained 739 characters, 177 (24%) of which were variable and 87 (12%) of which were parsimony informative. Analysis of the matrix created one parsimonious tree (length of 338 steps; CI, 0.86; RI, 0.66). This provided strong support for two major branches within Brownleea (Fig. 2): (1) the two B. coerulea forms, which showed sequence differences, but clustered together; and (2) 
POLLINATION IN THE AFRICAN-MALAGASY GENUS BROWNLEEA 71
For character state optimization, the combined phylogenetic tree was used. The most parsimonious tree for the eight taxa and five characters used in this optimization analysis consisted of 13 steps with CI = 0.80 (Fig. 3) . According to the character trace performed using MacClade 3.0, the ancestral state for subtribe Brownleeinae is characterized by having 3-15 mauve-coloured flowers and was pollinated by flies. This hypothetical ancestral plant evolved into two descendants: one giving rise to B. coerulea in a distinct clade and one giving rise to the rest of Brownleeinae. Leaf form is the only autapomorphic character found in B. coerulea. Contrary to the rest of subtribe Brownleeinae, which occurs mainly in grassland areas and has lanceolate leaves, this clade has evolved ovate leaves, presumably as a result of a shift in habitat preferences (forest-living species). The creamy-coloured flowers of the capitate inflorescences are autapomorphic features of the two subspecies of B. galpini, which corresponds to the findings in Johnson et al. (2003) . White flowers represent an apomorphic feature in the sister species B. parviflora and B. recurvata. The change in coloration is most probably consistent with an attraction of bees for pollination, although observational evidence is still needed to verify the pollinator(s) of B. recurvata. Numerous flowers borne on a slender inflorescence is an autapomorphy only found in B. parviflora, whereas medium-spurred flowers (5-15 mm long) characterize B. recurvata. Mauve-coloured flowers and an elongated spur have evolved at least twice in Brownleeinae. These characters are coincident with long-proboscid fly pollination in B. coerulea and B. macroceras. Inflorescences with only one to three flowers represent an autapomorphy found only in B. macroceras.
Several trees with the same length were produced for the character spur length, and the ancestral state was uncertain. Using fast optimization (ACCTRAN), the basic spur length for Brownleeinae remained uncertain. Under these assumptions, the ancestor evolved into two clades: a B. coerulea clade with a long spur (> 15 mm) and a hypothesized small-spurred ancestor, giving rise to the remaining part of the tree. Using delayed optimization (DELTRAN) to reconstruct the ancestral spur length, support was found for a medium-spurred ancestor. From this, two origins (parallelisms) of long spurs and two origins of short spurs in Brownleeinae are inferred. 
DISCUSSION
Despite Brownleea being a small genus, our findings indicate that it has diversified in its pollination biology to at least three functional groups of insects: small, long-tongued bees (B. parviflora), shortproboscid flies (B. galpinii ssp. galpinii), and longproboscid flies (B. macroceras, B. coerulea) . This adaptive radiation in pollination mechanisms parallels that found in larger orchid genera in southern Africa (Johnson, 1997; Johnson et al., 1998) .
South African populations of B. coerulea appear to be pollinated exclusively by long-proboscid flies. Pollinaria of B. coerulea have been found attached to the long-proboscid fly S. wiedemanni Lichtwardt (Goldblatt & Manning, 2000; Potgieter & Edwards, 2005) . Our observations of this fly visiting flowers of B. coerulea in Grahamstown, and carrying pollinaria of this species (Table 2) , support these earlier findings. This fly is largely limited to forest areas along the eastern seaboard of southern Africa, where it pollinates a guild of flowers (including B. coerulea) that are mostly restricted to forest habitat (Potgieter & Edwards, 2005) . Somewhat unexpectedly, therefore, we found another long-proboscid fly species, P. aethiopica (Tabanidae), to be the most abundant pollinator of B. coerulea at Umtamvuna. This fly species is quite common in grassland habitats in the eastern part of South Africa, and has been reported to pollinate a variety of long-tubed flowers, such as Brunsvigia radulosa (Ward & Johnson, 2005) and species of Disa and Watsonia (Johnson, 2000; Johnson & Morita, 2006) . Given its distribution mainly in grassland habitats, and the lack of correspondence between the length of the B. coerulea spur and the length of the P. aethiopica tongue (Tables 2 and 6 ), it seems highly unlikely that P. aethiopica has been the driving force in the evolution of the relatively long spur of B. coerulea flowers. This population of the orchid probably has a different pollinator because it occurs along the margin of a small forest patch adjacent to open grasslands. Nevertheless, it was evident from pollination success data that P. aethiopica was an efficient pollen vector for B. coerulea (Table 4 ). This flexibility in its pollination system would allow B. coerulea to colonize a variety of habitats within the limits of its physiological tolerance.
At both sites in which we observed B. coerulea in South Africa, the orchids occurred sympatrically, and shared pollinators, with herbaceous plants: Hypoestes aristata (Acanthaceae) at Grahamstown and Plectranthus ciliatus (Lamiaceae) at Umtamvuna. Both had strikingly similar flowers to the orchid, in terms of inflorescence shape, flower morphology, spectral (Fig. 1D ). Whether this reflects simple convergent evolution for the same pollinator or a more complex mimicry association is unknown. It seems likely, however, that patches of Plectranthus and Hypoestes benefit B. coerulea through a magnet effect, i.e. providing a sufficiently large nectar reward to attract flies into a particular habitat.
The presence of populations of B. coerulea in Madagascar is likely to be a consequence of a long-distance dispersal of wind-blown seeds from African populations. In Madagascar, it occurs in forest habitats similar to those in which it is found in South Africa. Interestingly, there do not appear to be any longproboscid tabanid or nemestrinid flies in Madagascar (Bowden, 1980; Chainey, 2003; Irwin, Schlinger & Thompson, 2003) , suggesting that the Malagasy population has shifted evolutionarily, or maybe preadapted, to other vectors. Despite extensive long observations we were unable to establish what these vectors were. The pollination success in Malagasy populations was similar to that observed in South Africa, but the presence of fully intact pollinia on stigmas at Mt. Angavokely suggests that the interaction in Madagascar is not fine-tuned. Amongst the potential pollinators are hawkmoths, which, in Africa, pollinate orchids with similar pink flowers on the African mainland (S. D. Johnson, unpubl. data) and Madagascar (Nilsson et al., 1985a (Nilsson et al., , 1987 . Shifts between long-proboscid fly and hawkmoth pollination have been recorded in other southern African plant genera (Johnson et al., 2002) . The longer spur in populations of B. coerulea in Madagascar (Table 6) is consistent with such a shift, as hawkmoth proboscides tend to be longer than those of the long-proboscid flies recorded as pollinators in South Africa. Other possible pollinators for B. coerulea in Madagascar include long-proboscid acrocerid or conopid flies (Nilsson et al., 1985b; Schlinger, 2003) , or long-proboscid bees (Nilsson et al., 1985b) , but these, generally, have shorter proboscides and would not explain the long spurs in B. coerulea populations on Madagascar.
The interpretation of the data presented here suggests that the ancestral species in Brownleeinae had 3-15 mauve flowers and were pollinated by flies. The genus apparently split early into a forest-dwelling clade (B. coerulea) with large ovate leaves and a grassland clade with narrow leaves. A single shift from pollination by flies to pollination by small bees (Amegilla sp.) appears to have occurred in the B. parviflora clade, and was associated with an evolution of numerous small flowers with a white perianth and sharply decurved spur. As B. recurvata has flowers which are similar to those of B. parviflora, we surmise that it, too, is a bee-pollinated species. Linder (1995) suggested that the local endemic B. mulanjiensis evolved within the more widespread B. recurvata-B. parviflora clade, but further evidence is needed to validate its placement within the Brownleeinae. Linder & Kurzweil (1996) found that the montane forest-dwelling species B. maculata evolved as sister group to B. galpinii and B. recurvata, all having pandurate petals. Freudenstein & Rasmussen (1997) observed sterile caudicles in B. maculata, and suggested that this could indicate independent development, as other species in this genus have caudicles composed of massulae. Although additional information is required to confirm its position within the genus, it seems likely that B. maculata could be closely related to B. coerulea, because of a similar floral morphology and habitat preferences (i.e. forests). B. parviflora SPB 57 7.6 ± 2.7 32.8 ± 13.1 3.7 ± 0.4* --*The spur on B. parviflora is straight for the first 3.5 ± 0.5 mm (N = 10) and then bends downwards at a 45°angle. The measure in the table is after the bend, and is based on 18 randomly picked flowers.
The two subspecies of B. galpinii appear to be specialized for pollination by nemestrinid and tabanid flies with a relatively short proboscis. Brownleea galpinii ssp. major attracts these flies by imitating the inflorescence morphology and perianth coloration of the common grassland herb Scabiosa columbaria (Dipsacaceae) in the Drakensberg Mountains (Johnson et al., 2003) . Similar flies pollinate B. galpinii ssp. galpinii (Table 2) , and the morphological differences between the two subspecies reside mainly in flower size (larger in ssp. major).
Nectar production seems to be ubiquitous in Brownleea, by contrast with the Disinae, which contains many deceptive clades (Johnson et al., 1998) . Brownleea species also appear to be completely reliant on pollinators for seed production and, as in many other orchids (cf. Jersákova, Johnson & Kindlmann, 2006) , pollinator-mediated intrafloral and geitonogamous self-pollination results in high levels of inbreeding depression at the embryo development stage (Johnson et al., 2003;  Table 5 ). As a result, the mating system is likely to be dominated by outcrossing, and floral traits attracting pollinators, which are efficient agents of cross-pollination, are likely to have been strongly favoured by selection.
In conclusion, this study provides a first preliminary hypothesis of the phylogenetic relationships within Brownleea, and suggests pathways of the evolution of pollination systems. Strengthening the phylogenetic data through sampling of additional gene regions, and obtaining pollinator data for some of the rarer species and for the Malagasy population of B. coerulea, are priorities for future work.
